I. INTRODUCTION
Bulk and nano-structured iron oxide materials have varied uses as catalysts for CO oxidation, 1,2 the water-gas shift reaction, 3, 4 Fischer-Tropsch synthesis, 5 and hydrocarbon dehydrogenation 6 and oxidation. 7 They also serve as supports for other catalysts. 8 Interest in the reactivity and chemistry of these materials has spurred investigation of the properties and behavior of molecular-scale iron oxide clusters. Gas-phase clusters can provide insight into the local geometry and behavior of heterogeneous catalysts. 9 The unusual structural motifs and distinct stoichiometry of small clusters can provide useful models for reactive point defects on surfaces. 10, 11 Small clusters are also accessible to theoretical as well as experimental study. 12 The ability to mass-select charged clusters allows for experimental investigation of the impact of size and stoichiometry on cluster properties and reactivity. [13] [14] [15] It has also been suggested that some clusters demonstrate enhanced reactivity relative to the bulk, due to the wider range of stable stoichiometries, higher densities of reactive sites, and lowered barriers to isomerization. 16 Spectroscopic and theoretical characterization of the geometries and electronic states of metal oxide clusters is essential for interpretation of their behavior and reactivity 17 and, by extension, for understanding the behavior and reactivity of catalytic sites in the bulk. In the current work, we report vibrationally resolved photodetachment spectra of the iron monoxide clusters Fe 4 19 We demonstrate here that more complex polymetal clusters are also accessible to characterization with cryo-SEVI, and that, with the aid of density functional theory (DFT) calculations, we can confidently assign their geometric, vibrational, and electronic structure, despite many low-lying spin states and structural isomers.
Polymetal iron oxide clusters with varying composition and charge states have been studied previously with a number of experimental methods. In the gas phase, the mass spectra of iron oxide clusters formed by laser ablation have been characterized [20] [21] [22] [23] as have their photodissociation 24 and collision-induced dissociation 25 products. Reactions of gasphase iron oxide clusters with N 2 , 26 methanol, 27, 28 and CO [29] [30] [31] [32] have been investigated. Spectroscopic characterization is more scarce, though some iron oxide clusters have been studied with anion photoelectron spectroscopy (PES) 33 and matrix isolation infrared spectroscopy. 34 There has also been theoretical investigation of the structures of some larger iron oxide species. [35] [36] [37] [38] Among the iron monoxide clusters Fe n O 0/− , the diatomic FeO 0/− species are by far the most well-studied. [39] [40] [41] [42] [43] [44] Spectroscopic work on larger iron monoxide clusters is limited to photoelectron spectroscopy. Fe n O − clusters have been studied with conventional anion PES at fairly low resolution for n up to 16 , 45 and at higher resolution for n = 2-6. 46 These studies did not resolve any vibrational structure in the spectra of Fe 4 that result in little vibrational excitation of the neutral clusters upon photodetachment. Stern-Gerlach magnetic deflection experiments on neutral Fe n O for n = 2-7 showed that these monoxide clusters are ferromagnetic, with magnetic moments that exceed those of the corresponding bare Fe n clusters. 47 The theoretical literature suggests that the geometries and the electronic spin states of small Fe n O 0/− clusters are similar to those of the bare iron clusters Fe 0/− n , 48 with the oxygen atom adsorbed on the cluster surface. 18, 45, 46, 49, 50 The oxygen can be accommodated in an edge-bound two-fold coordinated µ 2 site, or a face-bound, three-fold coordinated µ 3 site; structures suggested by the literature for Fe 4 O 0/− and Fe 5 O 0/− are shown in Fig. 1 . Prior work is in agreement that the most stable structures for Fe 4 O 0/− have the O atom at the µ 2 site (Fig. 1(a) ). 45, 46, 49, 50 Gutsev et al. 46 report the most thorough DFT study on small Fe n O 0/− clusters in the literature, using BPW91/6-311+G*, and find an anionic Fe 4 O − ground state with C 2v symmetry and 2S + 1 = 16 spin multiplicity. A 13-tet C 2v -symmetric structure is identified as the Fe 4 O ground state, though a 15-tet state with C 2 symmetry lies only 0.01 eV higher.
There is less agreement in the literature regarding the structures of Fe 5 O 0/− , particularly whether the O atom is preferentially accommodated in the µ 2 or µ 3 site (Figs. 1(b) and 1(c)). Early work by Wang et al. 45 using a local-spindensity method found that the neutral Fe 5 O cluster had a 17-tet ground state, and a µ 2 geometry 0.06 eV more stable than the µ 3 geometry. Shiroishi et al. 49 also report a µ 2 ground state geometry for Fe 5 O using DFT methods. Gutsev et al., 46 however, report only µ 3 geometries for Fe 5 O 0/− . They find an 18-tet anion ground state, a 17-tet neutral ground state, and a 19-tet neutral excited state lying 0.12 eV above the 17-tet.
Using high-resolution photoelectron imaging of cryogenically cooled anions in conjunction with DFT calculations, we can gain insight into the electronic and vibrational structure of The cryo-SEVI technique represents a significant improvement in resolution over conventional anion PES and is well-suited for the study of complex transition metal oxide clusters. 18, 19 Experimental energy resolution down to ∼1 cm −1 allows for full vibrational resolution of photodetachment bands, 47, 48 compared to the more typical resolution of >100 cm −1 in prior PES work. Spectral clarity is improved by the preparation of cryogenically cold anions, which eradicates vibrational hot bands and dramatically narrows the rotational envelopes of photodetachment features.
Our cryo-SEVI photodetachment spectra of Fe 4 O − and Fe 5 O − yield well-resolved vibrational structure from which we obtain fundamental vibrational frequencies for 
II. EXPERIMENTAL METHODS
The cryo-SEVI method has been described in detail elsewhere. [51] [52] [53] Briefly, iron oxide clusters are generated with a laser ablation source. They are trapped and cryocooled, mass-selected, and then photodetached with tunable light. The electron kinetic energy (eKE) distribution of the resulting photoelectrons is measured with a velocity-map imaging (VMI) spectrometer. We operate with low VMI extraction voltages and at laser energies very close to transition thresholds, so the slow electrons are preferentially detected and magnified on the imaging detector, resulting in high energy resolution.
Fe n O − anions are prepared in a pulsed laser ablation source operating at 20 Hz. During each cycle, a 2-10 mJ pulse of 532 nm light from a frequency doubled Nd:YAG laser is focused onto a steel ablation target. The resulting plasma is quenched in a burst of helium buffer gas from a pulsed Even-Lavie solenoid valve. 54 The presence of trace oxygen in the buffer gas allows for formation of the desired iron oxide clusters. The anions then pass through a radiofrequency (RF) hexapole ion guide, are mass selected with a quadrupole mass filter, and are directed into a linear RF octopole ion trap. The ions are stored in the trap for 40 ms, during which time they undergo cooling via collisions with an 80:20 He/H 2 buffer gas mixture held at 5 K. These conditions should maximize the population of the ions in their ground vibrational and electronic states; we have measured molecular ion temperatures as low as 10 K after extraction from the trap. 53 The clusters are extracted from the trap into an orthogonal Wiley-McLaren time-of-flight mass spectrometer. 55 The ion packet then reaches the VMI spectrometer and is photodetached with the output of an Nd:YAG-pumped tunable dye laser. The resulting photoelectrons are focused with a VMI electrostatic lens 56 onto a detector consisting of two chevron-stacked micro-channel plates (MCPs) coupled to a phosphor screen. 57 The new design of our VMI lens was reported recently. 58 Events on the screen are recorded with a CCD camera, and event counting software is used to identify the single electron events and compute their centroids in real time during data acquisition. 59 Centroids are binned into a sufficiently fine grid to ensure the bin size does not limit the instrumental resolution of the spectrometer. A single VMI image is produced by accumulating the centroids of electron spots over several thousand experimental cycles. The maximum-entropy velocity Legendre reconstruction method 60 is used to reconstruct the radial and angular electron distributions from an accumulated image. We calibrate the photoelectron velocity and hence the electron kinetic energy (eKE) as a function of radial displacement from the center of the reconstructed image using SEVI images of wellcharacterized photodetachment transitions of atomic O − . 61 As the eKE is a function of photodetachment laser energy (hν), we report SEVI spectra in electron binding energy (eBE), given by eBE = hν − eKE.
VMI spectrometers yield the best resolution for loweKE transitions. 62 We make measurements at discrete photodetachment energies tuned just above the spectral features of interest in order to image each transition close to threshold. These windows are then spliced together to create a composite high-resolution spectrum, as discussed previously. 63 The intensity of each high-resolution window is scaled to match its intensity in an overview spectrum taken at a photon energy well above the band of interest to minimize threshold effects that may distort the relative peak intensities.
III. EXPERIMENTAL RESULTS
The cryo-SEVI spectra of We can also extract information on the photoelectron angular distribution (PAD) from the SEVI images. For onephoton photodetachment with linearly polarized light, the PAD is given by
Here θ is the angle relative to the polarization axis of the laser, P 2 is the second order Legendre polynomial, and β is the anisotropy parameter which varies between −1 and +2 for PADs aligned perpendicular and parallel to the laser polarization, respectively. In the SEVI spectra of Fe 4 O − , peaks A-H demonstrate weakly-negative-to-isotropic anisotropy parameters (−0.2 < β < −0.1) close to threshold and weakly positive anisotropy parameters ( β ∼ 0.25) by 2000 cm −1 above threshold. The PAD of peak X is isotropic at small eKE, and grows more negative farther above threshold. For the Fe 5 O − spectra, peaks A-I have consistently negative positive anisotropy parameters starting at β ∼ −0.2 near threshold, and decreasing to β ∼ −0.35 by 1000 cm −1 above threshold. The PAD of peak X, on the other hand, remains isotropic over the range of eKE measured here. Hence, for both anions, the PADs further support the assignment of peak X to a different electronic band than the features at lower eBE. . The thermionic emission signal increases in intensity relative to the direct detachment signal as the photon energy is increased. The SEVI traces taken at higher photon energies in Fig. 3 have therefore been baseline corrected to account for this background. Because we observe thermionic emission signal extending to higher eKE than the vibrational origin of the Fe 5 O − cluster, we ascribe at least some of this signal to weak two-photon absorption.
IV. THEORETICAL METHODS AND RESULTS

A. Electronic structure calculations
To aid in interpreting our spectra, we have carried out DFT calculations to identify the lowest-lying electronic states, optimized geometries, normal modes, and harmonic vibrational frequencies for the , we searched extensively for µ 2 and µ 3 structures to attempt to resolve the discrepancies in the literature. Calculations were performed with the TPSS, BPW91, and BP86 density functionals in order to assure consistency across the results from each. The BPW91 and BP86 functionals have provided accurate comparisons for prior cryo-SEVI results on polymetal oxide clusters; 18, 19 the TPSS functional is also known to perform well for certain transition metal systems. 66 The 6-311+G* basis set was used for both Fe and O atoms with full treatment of all electrons. 67, 68 Calculations were carried out in Gaussian 09 with tight geometry optimization criteria and an ultrafine integration grid. Tables  S1 and S2 in the supplementary material. 74 The values of ⟨S 2 ⟩ generally fall very close to the expected result of S(S + 1), indicating little spin contamination in the DFT calculations. The supplementary material also contains information on additional higher-lying geometries found for some spin states. Optimized Cartesian coordinates and harmonic vibrational frequencies are reported for all states in Tables S3-S8 and  Tables S9-S11 , 74 respectively. 
B. Franck-Condon simulations
Franck-Condon simulations were carried out at 0 K with the FCFGAUS and PESCAL programs, 70, 71 using the harmonic approximation with Duschinsky mixing of totally symmetric modes. 72 FC simulations using TPSS/6-311+G* geometries and frequencies are reported in Fig. 6(a) Fig. 6 . Parameters optimized in the fitting include the frequencies ω n of the totally symmetric modes of neutral Fe 4 O, and displacements ∆Q n along these modes between the anion and neutral geometries, given here in the normal mode basis of the anion. Also reported are the anion and neutral DFT bond lengths and neutral bond lengths after displacement fitting, if the anion geometry is kept fixed. Bond labels are given in Fig. 1(a Fig. 7 . Parameters optimized in the fitting include the frequencies ω n of the totally symmetric modes of neutral Fe 5 O, and displacements ∆Q n along these modes between the anion and neutral geometries, given here in the normal mode basis of the anion. Also reported are the anion and neutral DFT bond lengths and neutral bond lengths after displacement fitting, if the anion geometry is kept fixed. Bond labels are given in Fig. 1(b . Fitting parameters included the frequencies of totally symmetric FC active neutral vibrational modes, as well as displacements between the anion and neutral geometries along these modes. The frequency and displacement of the ν 1 mode of Fe 5 O 0/− were not varied during fitting, because the trace that proved best for fitting most of the band was taken at too low a photon energy to include the ν 1 fundamental. The eBE of the vibrational origin, the overall band intensity, and the width of the stick spectrum Gaussian convolution were also allowed to vary in the fitting routine for both clusters. Simulations fitted to the experimental traces are plotted in Figs. 6(b) and 7(b). Relevant parameters for the simulations and fits are summarized in Tables III and IV 
V. DISCUSSION
A. Structural isomers and electronic states
For Fe 4 O 0/− , the energetics and µ 2 -oxo optimized geometries found here largely reproduce the results reported by Gutsev et al. 46 With all three functionals, we find a C 2v -symmetric 16 B 2 ground state anion. A C 2 -symmetric 14 B state lies close above; this state lies slightly lower in energy than the 14-tet C 2v structure reported by Gutsev et al. The C 2v -symmetric 12-tet and 18-tet states lie correspondingly higher in energy. The three functionals used here agree on this state ordering, though for the 12-tet TPSS finds a C 2 -symmetric structure rather than the C 2v structures found with BPW91 and BP86.
For neutral Fe 4 O, our calculations reproduce the two lowest energy, nearly degenerate C 2v -symmetric 13 A 1 and C 2 -symmetric 15 A states identified by Gutsev et al., 46 though the relative ordering of these states is uncertain. Additionally, there is a C 2v transition state for the 15-tet that lies only 12-50 cm −1 above the C 2 structure, depending on the functional. This structure corresponds to a barrier between the two equivalent C 2 structures that is either comparable to or submerged below vibrational zero-point energy. We therefore consider the neutral 15-tet to have C 2v symmetry with a shallow double-well potential along the a 2 -symmetric ν 5 normal coordinate. This anharmonic vibrational potential is discussed in more detail in Section V B.
Our calculations find that for neutral Fe 4 O, the 11-tet state and 17-tet states lie considerably higher in energy and are nearly degenerate with one another. As was the case for the 15-tet, Gutsev et al. 46 report a C 2 structure for the 11-tet, while we find this state has functionally C 2v symmetry.
Regardless of the exact ordering of the Fe 4 O neutral states, since the 16 B 2 state is widely agreed upon as the anion ground state, one electron photodetachment can only access neutral 15-tet and 17-tet states. The assignment for the main photodetachment band in the Fe 4 O − SEVI spectrum is therefore 15 A 2 ← 16 B 2 , corresponding to the detachment of an electron from the highest-lying molecular orbital (HOMO) of the anion with α spin (visualized in Fig. 8(a) 46 who report only µ 3 geometries for these clusters. While we can largely reproduce their results, we also identify µ 2 geometries that are lower in energy than their µ 3 counterparts for most Fe 5 O 0/− spin states. Only the 19-tet neutral has a µ 3 structure more stable than the µ 2 structure, and the 20-tet anion has µ 2 and µ 3 structures comparable in energy. In some cases, we also find alternate µ 3 geometries that are lower or comparable in energy to those reported by Gutsev et al. All of these states are detailed in the supplementary material. 74 For Fe 5 O − , all three functionals find an 18 A ′′ anion ground state with a C s -symmetric µ 2 geometry. This state is consistently 0.23-0.24 eV lower in energy than the most stable 18-tet µ 3 structure identified by Gutsev et al. 46 The 16-tet and 20-tet µ 2 structures lie respectively higher in energy and are found to be C 1 -symmetric with BPW91 and BP86, but have higher C s symmetry with the TPSS functional. For neutral Fe 5 O, we find a 17 A ′ ground state with a C s -symmetric µ 2 geometry that lies 0.10-0.12 eV below the µ 3 17-tet structure. 19-tet and 15-tet states lie higher in energy; the ordering of these states is reasonably consistent between functionals and with the work of Gutsev et al. With TPSS, we had difficulty optimizing the 15-tet µ 2 structure, and the state reported here has one small imaginary frequency.
With 4 O − , this transition corresponds to detachment from the α HOMO (Fig. 8(b) ).
In the experimental spectra in Figs Table V) . Note that our reported For both clusters, the assignment of the neutral electronic excited state corresponding to peak X is somewhat speculative. This feature lies at a term energy of 0.1498 (12) (Table S1 74 ), considerably higher than what is observed experimentally. The lowest 19-tet state of neutral Fe 5 O is calculated to lie at a term energy of 0.19-0.36 eV above the 17 A ′ ground state (Table S2 74 ), which is within DFT error of the experimental term energy of peak X. These high-spin neutral states are accessible from detachment of the β HOMOs (Fig. 8) . Another scenario for both species is that peak X represents a transition to an excited state with the same spin multiplicity as the main photodetachment band, corresponding to detachment from the anion α HOMO-1, also visualized in Fig. 8 .
worth noting that our experiment would be sensitive to the plethora of detachment transitions from α HOMO-n orbitals. The fact that we observe only two bands for each cluster in the energy window considered here suggests that these orbitals are spaced farther apart in energy than one might expect given the high electronic spin in these systems.
For Fe − photodetachment band also has a PAD aligned perpendicular to the laser polarization axis that grows isotropic close to threshold, and indeed this is what is observed experimentally. The low-lying excited state (peak X) exhibits an isotropic PAD which does not allow us to distinguish between detachment from the β HOMO and α HOMO-1 of Fe 5 O − , both of which have a ′ symmetry.
B. Vibrational structure
We use calculated harmonic vibrational frequencies and simulated FC envelopes to assign the vibrational structure of the Fe 4 Fig. S2 . 74 The TPSS/6-311+G* frequencies for FC active modes and displacements along these modes for the 15 in a few modes matches the experimental spectrum; the largest discrepancies are the simulated overemphasis of FC intensity for the ν 3 progression, and the absence of features lower in energy than the ν 3 fundamental. For Fe 5 O − , the envelope of the FC simulation in Fig. 7(a) is an excellent qualitative match for our experimental results, confirming the preferential µ 2 structures of Fe 5 O 0/− . Modes ν 5 , ν 7 , and ν 8 demonstrate significant FC intensity, while ν 1 , ν 3 , and ν 6 appear more weakly. All modes have somewhat exaggerated FC intensity in the simulation compared to experiment, and some calculated fundamental frequencies are higher than experimental frequencies. We plot FC simulations for photodetachment transitions of the alternative C 1 -and C s -symmetric µ 3 structures of Fe 5 O 0/− in Fig. S3 ; 74 both are comparatively very poor matches with the observed experimental structure.
Fitting the FC simulation parameters to the experimental overviews, as described in Section IV B, yields the simulations in Figs Tables III and IV. In fitting the FC activity of totally symmetric modes to the experiment, we arrive at new values for the displacement between anion and neutral structures and, keeping the DFT anion geometries fixed, new neutral bond lengths. These fitted bond lengths represent a fairly minor update in geometry from the DFT results for both neutral clusters; the norm of the geometry difference between the DFT and neutral geometries is 0.04 Å for Fe 4 O and 0.03 Å for Fe 5 O. The corresponding change in the simulated spectra highlights the sensitivity of FC structure to small changes in displacement, particularly for the three-dimensional structures exhibited by metal oxide clusters.
The results of the FC simulation and fitting inform our interpretation of the high-resolution SEVI spectra; all vibrational frequencies observed experimentally are compared to their calculated values in − vibrational origin. We assign peak C as 4 1 0 , as the ν 4 fundamental is calculated to lie at 169-175 cm −1 . Peak B does not align with the calculated frequency of any totally symmetric vibrational mode, but it could arise from a ∆ν = 2 transition in a non-totally symmetric mode. The only non-totally symmetric mode of the 15 A 2 state that lies sufficiently low in energy for two quanta of excitation to match the position of peak B is ν 5 (mode shown schematically in Fig. S2(a) 74 ). As mentioned in Section V A, the 15 A 2 state of neutral Fe 4 O has a double-well vibrational potential along the ν 5 normal coordinate, which can lead to enhanced FC activity in transitions involving even quanta of excitation in ν 5 .
FC factors for transitions to ν 5 vibrational states are calculated by treating this mode as an anharmonic oscillator. Single-point calculations were carried out scanning a onedimensional slice of the vibrational potential along the ν 5 coordinate for the neutral 15 A 2 state and the anionic 16 B 2 state. These points were then fit to a 16th order polynomial for the neutral state and a 4th order polynomial for the anion, and a MATLAB script was used to numerically solve for the vibrational eigenenergies and wavefunctions. These results are shown in Fig. 9 using TPSS/6-311+G*. We find 2ν 5 = 149 cm −1 which compares well to the experimental shift of peak B at 163 cm The Franck-Condon structure of the main photodetachment bands of both clusters can also be rationalized in the context of the α HOMOs from which the electron is detached. 
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Both α HOMOs feature s-like lobes of opposite phase localized on the Fe(3) and Fe(4) atoms (Fig. 8) . Accordingly, the bond between the Fe(3) and Fe(4) atoms shrinks upon photodetachment by 0.10 Å for Fe 4 O − and 0.11 Å for Fe 5 O − , consistent with removal of an electron from an antibonding orbital. The vibrational states of the neutral clusters that are populated after photodetachment correspondingly involve modes with significant distortion of the bond between the Fe(3) and Fe(4) atoms, where the primary change in the electron density occurs upon detachment.
VI. CONCLUSIONS
We report a high-resolution photoelectron imaging study of cryogenically cooled Fe 4 O − and Fe 5 O − iron monoxide cluster anions using SEVI spectroscopy. Our results represent the first vibrationally resolved spectra of these species, providing precise electron affinities and excited state term energies as well as newly observed and assigned vibrational frequencies. Through comparison of our experimental results with DFT calculations and Franck-Condon simulations, we determine the structural isomers and electronic states of these clusters. The experimental and theoretical results point to C 2v -symmetric Fe 4 O 0/− and C s -symmetric Fe 5 O 0/− clusters, both of which preferentially bind the O atom in a µ 2 configuration.
This work represents the next step in our extension of the cryo-SEVI technique towards ever-larger transition metal oxide clusters. We demonstrate here that clusters involving four and five metal centers are accessible to detailed characterization with good agreement between spectroscopic and theoretical methods, despite the presence of multiple low-energy electronic states and structural isomers. In future work, it will be of considerable interest to study Fe n O − clusters complexed to small molecules such as CO as a model system for CO oxidation by iron oxide catalysts.
